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Patterning graphene with a spatially-periodic potential provides a powerful means to 
modify its electronic properties. 1-3Dramatic effects have been demonstrated in twisted 
bilayers where coupling to the resulting moiré-superlattice yields an isolated flat band that 
hosts correlated many-body phases.4, 5 However, both the symmetry and strength of the 
effective moiré potential are constrained by the constituent crystals, limiting its tunability.  
Here we exploit the technique of dielectric patterning6 to subject graphene to a one-
dimensional electrostatic superlattice (SL)1.  We observe the emergence of multiple Dirac 
cones and find evidence that with increasing SL potential the main and satellite Dirac cones 
are sequentially flattened in the direction parallel to the SL basis vector. Our results 
demonstrate the ability to induce tunable transport anisotropy in high mobility two-
dimensional materials, a long-desired property for novel electronic and optical 
applications7, as well as a new approach to engineering flat energy bands where electron-
interactions can lead to emergent properties8.  
 
Two-dimensional (2D) materials such as graphene and the transition metal dichalcogenides 
(TMDCs) exhibit a wide range of electronic and optical properties, making them ideal platforms 
for both exploring fundamental phenomenon and promising building blocks for the next 
generation devices9, 10. Imposing spatially-periodic external fields has proven to be a powerful 
technique to gain further control over the opto-electronic response in these materials, since the 
interplay between the externally applied superlattice potential, and the intrinsic lattice site 
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potentials of the 2D crystal, can be exploited to modify the electronic bandstructure4, 6, 11-14.   In 
the case of graphene, this has enabled realization of a variety of new phenomenon that are not 
inherent in the native material including additional Dirac cones6, 11, 12, 15, 16, superconductivity4, 13, 
Mott-like insulating states5, and the appearance of ferromagnetic ordering and topologically non-
trivial subbands14, 17.  
So far, most experimental efforts to pattern 2D materials have focused on 2D superlattices, 
where the potential varies spatially along two directions. However, patterning with a one-
dimensional superlattice, where the potential varies periodically along one axis only, is 
anticipated to give rise to a new and an equally rich variety set of electronic properties.1, 2, 11, 18-20 
In particular, 1D SL patterning of graphene is expected to yield highly anisotropic energy-
momentum relation between the directions perpendicular and parallel to the SL basis vector.1 At 
certain, well-defined, strengths of the SL modulation, the group velocity of charge carriers at the 
Dirac cone can become renormalized to zero in the direction perpendicular to the SL basis 
vector, leading to a “flattened” Dirac cone in one direction, while the Fermi velocity in the other 
direction remains unaffected1, resulting in transport anisotropy.   
Experimental studies that have investigated the transport response in graphene subject to a 1D  
SL potential have shown the emergence of new resistive features appearing at finite carrier 
density, 𝑛, when current was applied parallel to 1D SL basis vector.21-25. However, the physical 
origin of these resistance oscillations are unresolved and have been attributed to both Fabry-
Perot interference 22-24 , and band structure modifications 21, 25.  Moreover, direct observation of 
transport anisotropy, a key signature expected for scattering from the 1D SL,  has not been 
experimentally demonstrated.  
 
3 
 
In this study, we exploit the technique of dielectric patterning6 to fabricate high mobility 
graphene devices with a gate-tunable 1D SL.  We identify SL-tunable resistance peaks as arising 
from satellite DPs in the bandstructure.  By measuring the transport response with current 
applied both parallel and perpendicular to the SL, we identify a relative hierarchy of band 
flattening between the CNP and satellite DPs, in excellent agreement with bandstructure 
modelling.  Our results demonstrate that 1D superlattices can be used to dynamically induce 
extreme anisotropy in the graphene bandstructure.    
A typical device construction in our study is shown in Fig. 1a-c.  Parallel straight lines with 
periodicity on the order of 50nm are first etched onto a thermally grown SiO2/doped Si substrate. 
An hBN-encapsulated graphene heterostructure is then placed on top of the etched substrate 
using the van der Waals dry transfer technique26 (Fig. 1a).  Applying a bias to the unstructured, 
bottom, Si-gate translates to a spatially varying potential in the graphene layer due to the 
spatially varying dielectric that separates the two6.  A separate top gate, made of unstructured 
few-layer graphite, is used to independently tune the average carrier density in the graphene 
layer (Supplementary information, S1).  The device is etched into an L-shaped Hall bar, using 
standard nanolithography processes, and electrically contacted using the edge contact geometry27 
(Fig. 1b).  The L shape allows us to measure transport response both parallel and perpendicular 
to the 1DSL, within the same device (Fig. 1b,c). The resistance measured with current flowing 
along the direction of the 1D SL basis vector (or equivalently, perpendicular to the 1D SL 
straight lines) is denoted as 𝑅## = 𝑉##/𝐼	, and the resistance measured perpendicular to the 
direction of the 1D SL basis vector (or equivalently, along the 1D SL straight lines) is denoted as 𝑅)) = 𝑉))/𝐼. (Fig. 1c).  
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Fig. 1d~f shows 𝑅##	and 𝑅)) versus carrier density from a device with SL period 𝐿 = 47	𝑛𝑚, 
measured for three different strengths of the SL modulation.  𝑅## and 𝑅)) were measured 
simultaneously by sourcing a fixed current of 90 nA, through the entire device and measuring 
both 𝑉## and 𝑉)).  In each plot, the density was varied by tuning the top gate, 𝑉./ , while 
maintaining a fixed bias on the bottom superlattice gate, 𝑉01. For all three values of the 
superlattice bias, 𝑉01, the resistance measured in the yy direction resembles the typical response 
observed in unpatterned graphene, namely a single resistance peak centered at the charge 
neutrality point (CNP).  At temperature 𝑇 = 	2𝐾, the width of the CNP peak measures ~2 × 1099𝑐𝑚;<, which is similar to typical values of hBN-encapsulated graphene devices with 
no superlattice patterning.28 Additionally, with the top gate biased to give a carrier density  of 𝑛 = 109<𝑐𝑚;<, and the superlattice potential tuned to zero, we measured a carrier mobility  of 𝜇	= 130,000 𝑐𝑚</(𝑉 ∙ 𝑠) (See SI).  This corresponds to a mean free path of ~1.5μm - similar to 
the device width of 2μm and an order of magnitude longer than the SL periodicity. Both metrics 
indicate that the superlattice patterning has not substantially degraded the graphene mobility.   
In the xx direction, the responses are dramatically different for each 𝑉01 value. At 𝑉01 = 21𝑉, in 
addition to a peak in the 𝑅## at the CNP, two additional resistance peaks appear that are located 
symmetrically about the CNP peak (Fig. 1d).  Upon increasing the superlattice gate bias to  𝑉01 = 44𝑉, the satellite resistance peaks grow, becoming more prominent than the CNP peak, 
and simultaneously shift to larger carrier density (Fig. 1e). At 𝑉01 = 88𝑉, the CNP becomes a 
resistance minimum and now there are four distinct peaks located symmetrically about the CNP 
(Fig. 1f). The strong asymmetry between the xx and yy response confirms that the 1D superlattice 
preferentially modifies the electron transport in the direction of the 1D superlattice wave vector . 
The evolution of the 𝑅## features with increasing 𝑉01 – i.e, the satellite resistance peaks varying 
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in number, density position and relative magnitude -- , is distinctly different from the case of 
graphene subject to a 2D superlattice modulation6, where by contrast the satellite resistance peak 
positions are fixed at all SL bias, and simply related to the SL unit cell area. 
 
Fig.1| Transport anisotropy in graphene subjected to a one-dimensional superlattice a, Cartoon schematic 
showing our Architecture of a 1D PDSL graphene devicedevice structure. The superlattice potential arises due to 
patterning of the dielectric layer that seperates the doped silicon substrate from the BN-encapsulated graphene 
device (see text) . MLG = monolayer graphene. FLG = Few Layer graphene b, Optical image of a 1D superlattice 
graphene device with period L = 47nm. Scale bar is 5μm. c, Schematic diagram of the L-shaped Hall bar, 
identifying the definitions of 𝑉(( and 𝑉)). Not to scale. Green region: graphene channel. Yellow region: Metal-to-
graphene edge contacts. Parallel black lines represent the 1D SL lines etched onto SiO2, with the line spacing greatly 
exaggerated. d~f, Resistance measurements from the 𝐿 = 47𝑛𝑚 1D SL device at three different strengths of SL 
modulation. 
To further understand this response, we modelled the device as a graphene channel perturbed by 
a square-wave potential 𝑈(𝑥). The Hamiltonian of this system is given by 𝐻	 = 𝑣G?⃗? ∙ 𝑝 +𝐼<𝑉9L(𝑥) , where 𝑉9L(𝑥) is a Kronig-Penney type potential with amplitude 𝑉M and 𝐼<	is the 2x2 
identity matrix. Using this model, we calculate the band structure under varying strengths of SL 
modulation, as quantified by the dimensionless quantity 𝑢 = O-1ħQ. (Supplementary Information 
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S3) where 𝐿 is the SL period and 𝑣G is the Fermi velocity of unpatterned graphene.  Fig. 2 shows 
the bandstructure for 𝑢 = 2𝜋, 4𝜋 and 6𝜋. The energy contour at 𝑢 = 2𝜋 shows mini Dirac cones 
at 𝐸 ≠ 0 at	𝑘# ≠ 0 (Fig. 2b, left) in addition to the main Dirac cone. At 𝑢 = 4𝜋 the main Dirac 
cone at  𝑘# = 0 flattens in the 𝑘) direction while preserving the graphene linear dispersion 
relationship in the 𝑘# direction.  At the same time the 1st mini-Dirac cones has linear dispersion 
in both 𝑘# and 𝑘) (Fig 2a,b mid). At 𝑢 = 6𝜋 the main Dirac cone restores its linear dispersion in 
both 𝑘# and 𝑘) directions,  but now the 1st mini Dirac cone “flattens” in the 𝑘) direction, while 
retaining a linear dispersion in the 𝑘# direction (Fig. 2b, right). In general, we find that the 𝑙th 
mini Dirac cone (𝑙 = 0 corresponding to the main Dirac cone) flattens in the 𝑘) direction (but 
not in the 𝑘# direction) when the SL potential 𝑢 satisfies 𝑢 = Y 4𝜋𝑁, (even	𝑙,	including	𝑙 = 0)4𝜋𝑁 + 2𝜋, (odd	𝑙) , (1) 
for every positive integer 𝑁, but excluding 𝑢 = 2𝜋𝑙. (Fig 2c, see also Supplementary 
Information S3). 
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Fig. 2|Band structure calculations for a 𝑳 = 𝟓𝟓𝒏𝒎 graphene 1D SL system. The strength of superlattice 
modulation is quantified by 𝑢 = 4-5ħ7., a dimensionless quantity.  a, Calculated band structure of a 1D SL graphene 
system with 𝑢 = 4𝜋. b, Fermi surface contours for energies between the main DP and 1st mini DP, for 𝑢 =2𝜋, 4𝜋, 6𝜋 respectively. c, Normalized Fermi velocity in y direction at the 𝑙th Dirac cone, |𝑓?| = |𝑣)/𝑣B|, as a 
function of SL modulation 𝑢. Inset shows the band structure slice at 𝑘) = 0.	The main DP (𝑙 = 0) becomes flat in 𝑘) direction at 𝑢 = 4𝜋 and the 1st mini DP (𝑙 = 0) becomes flat in 𝑘) direction at 𝑢 = 6𝜋. 
 
Fig. 3a shows the experimentally measured 𝑅## plotted versus SL bias, 𝑉01	, and average carrier 
density 𝑛 for a device with SL period 𝐿 = 55𝑛𝑚, corresponding to the same paramaters 
modelled in Fig. 2. The 𝑅## response exhibits an elaborate scale-like pattern of resistive maxima 
and minima.  The number of resistive peaks increases with increasing SL bias, evolving from a 
single maximum at the CNP 𝑉01 = 0V	up to 5 resolved maxima at 𝑉01 = 90V, while at the same 
time each maxima shifts to higher density with increasing 𝑉01.  Fig. 3c shows 𝑅)) measured 
from the same device.  In this direction, a single peak at the CNP is observed for all values of 𝑉01. However, we observe that the peak magnitude first increases with increasing 𝑉01 and then 
decreases again. Fig. 3b,d show theoretical plots of 𝑅## and 𝑅)) versus the dimensionless 
superlattice potential, 𝑢, and density, 𝑛, calculated from the band structure shown in Fig. 2 using 
relaxation time approximation29-31. We find excellent agreement between the measured and 
calculated resistance in both the xx and yy directions.  
Dashed lines in Fig. 3a,b trace along features associated with the  main/satellite Dirac cones. 
Along the main CNP peak trajectory, as 𝑉01 increases from 0V (corresponding to 𝑢 = 0) to 90V 
(corresponding to 𝑢 ≈ 7𝜋), 𝑅## goes from a maximum (𝑢 = 0) to a minimum (𝑢 = 4𝜋, labelled 
by “A”) to another maximum (𝑢 = 6𝜋).  The 𝑅## maxima at 𝑢 = 0 and 𝑢 = 6𝜋 result from the 
low density of states at the Dirac point(s) at 𝐸 = 0, similar to what is observed in unpatterned 
graphene.  At 𝑢 = 4𝜋 the system is characterized by a “flattening” of the Dirac cone in the 𝑘) 
direction.  This corresponds to a reduction of the Fermi velocity towards zero in the y-direction, 
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i.e. a suppression of conductivity along this direction, and thus 𝑅)) shows a maximum.  
However, at the same time this band distortion results in an increase in the integrated DOS over 
the entire fermi surface, leading to an increased conductance, i.e. lower 𝑅##, measured in the x 
direction. Similar cycles of 𝑅## maxima/minima are also observed in the satellite mini Dirac 
cones. For the 1st mini DP, 𝑅## appears as a maximum near 𝑢 = 4𝜋, then reaches a minimum at 𝑢 = 6𝜋 (labelled by “B”), and approaches another maximum at 𝑢 = 8𝜋. The 𝑢 = 4𝜋 𝑅## 
maximum corresponds to the unflattened 1st mini Dirac cone	(Fig. 3g) while the 𝑢 = 6𝜋 𝑅## 
minimum corresponds to the flattened 1st mini Dirac cone labelled by “B” in Fig. 3i. The scale-
like pattern in 𝑅## thus is a result of alternating flattening/unflattening of Dirac cones as the 
strength of SL modulation increases. 
 
Fig. 3| Anisotropic band flattening. a, Device resistance 𝑅(( as a function of carrier density 𝑛 and back gate 
voltage 𝑉H5, measured from an 𝐿 = 55𝑛𝑚 device b, Calculated 𝑅(( for 𝐿 = 55𝑛𝑚 device plotted as a function of 
dimensionless SL strength 𝑢 and carrier density 𝑛. In a,b gray dashed lines trace along features related to the same 
main/mini Dirac point. c, 𝑅)) measured from the same 𝐿 = 55𝑛𝑚 device. d, Calculated 𝑅)) for 𝐿 = 55𝑛𝑚 device 
e~i, Band structures at 𝑢 = 2𝜋, 4𝜋, 6𝜋 sliced along 𝑘) = 0 (e,g,i), 𝑘( = 0 (f,h,j), and 𝑘( = ±𝜋/𝐿  (insets). 
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Throughout this figure, select 𝑅(( and 𝑅)) extrema are related to the anisotropically flattened Dirac cones by letters 
A and B. 
 
Finally, we examine magnetotransport properties in our graphene 1DSL devices. Fig. 4a,c show 
the longitudinal resistances 𝑅## and 𝑅)) respectively, as a function of carrier density, 𝑛, and 
applied magnetic field 𝐵, for a 𝐿 = 47𝑛𝑚 device.  In these measurements 𝑉01 = 48V, 
corresponding to 𝑢 ≈ 3𝜋. 𝑅## (Fig. 4a) versus magnetic field shows a Landau fan of IQHE  
states emanating from the CNP at 𝑛 = 0 with filling factors identical to those of pristine 
graphene (𝜈 = 4𝑛 + 2, 𝑛 integer). In addition, two satellite fan-like features are also visible, 
emanating from 𝑛 = ±2.7 × 1099	𝑐𝑚;< (Fig. 4a, red arrows), the carrier densities at which mini 
Dirac cones emerge as predicted by band structure simulation in Fig. 3b. 𝑅## minima features 
emanating from the 𝑛 = −2.7 × 1099	𝑐𝑚;< satellite fan are indicated in the fan tracing diagram 
shown in Fig. 4c. (Supplementary Informaion S7).  We take this as further confirmation that the 
zero-field satellite 𝑅## peaks in our measurement reflect changes in graphene band structure and 
formation of mini Dirac points, and are not Fabry-Perot resonance. 𝑅)) versus magnetic field 
(Fig. 4b) shows a similar overall trend as 𝑅##, however we note that 𝑅## is about 2 orders of 
magnitude larger than 𝑅)), as the carrier wavefunction under magnetic field is localized along x 
direction, leading to a high 𝑅##. (Supplementary Information S6) . Both 𝑅##	and 𝑅)) show an 
overall resistance modulation, evolving along curved trajectories that follow a 𝐵 ∝ √𝑛 relation. 
(dashed white lines in Fig. 4a,b). We interpret these features as commensurability oscillations 
(Fig. 4d)32, 33. In the semi-classical picture, the overall 𝑅## resistance is expected to be 1/𝐵-
periodic, with a minima resistance appearing whenever the cyclotron diameter matches the 
periodicity of the superlattice, i.e. when  2𝑟r satisfies 2𝑟r = s𝜆 − 14u 𝐿	 (2) 
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with 𝜆 being an integer24, 34 and	𝐿 the lattice period. The locations of minima in our 𝑅## data 
show excellent agreement with (2), consistent with the results previously reported by 
Drienovsky et al24.  Alternatively, commensurability oscillations can be understood quantum 
mechanically by a 1/𝐵-periodic oscillation in the Landau level bandwidth, which reaches zero 
when (2) is satisfied.  We note that the commensurability oscillations along the two measured 
directions appear  out of phase such that when 𝑅## fades,  𝑅)) grows, and vice versa. 
(Supplementary Information S6). The LL degeneracies are lifted by the 1D SL potential with 
each LL acquiring a dispersion in 𝑘) only.  Thus, when the LL width in the direction of 𝑘) is 
large, 𝑅## is large, since 𝑅## ∝ 	𝑣)< where 𝑣) = 9	ℏ	 wxwyK. Conversely, 𝑅)) ∝ 	𝑣#<  and so is less 
sensitive to variation of the intraband scattering and instead varies directly with the DOS, 
causing 𝑅)) to scale inversely with the level width. Therefore, zero LL bandwidth (zero 
dispersion in 𝑘), corresponding to the condition in (2) ) leads to an 𝑅## minimum, simultaneous 
with an 𝑅)) maximum, consistent with the observation in Fig. 4a,b,d  and providing further 
confirmation that the 1D superlattice imparts an asymmetric distortion of the bandstructure. 
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Fig.4 | Magnetotransport in a 1D SL device. a, Measured longitudinal resistance 𝑅(( as a function of carrier 
density 𝑛 and magnetic field 𝐵, in a 𝐿 = 47𝑛𝑚 device with 𝑉H5 = 48𝑉. Red arrows indicate the density locations of 
the where satellite Landau fans converge. b, 𝑅)) measured from the same devices. In a and b dashed white lines 
trace along 2𝑟O = P𝜆 − STU 𝐿, with 𝜆 being an integer and 𝑟O = ℏ√𝜋𝑛/𝑒𝐵 the cyclotron radius (see text). c, Fan 
tracing diagram hightlighting traces of 𝑅(( minima from Fig. 4a. The 𝑅(( minima features associated with the main 
(satellite) Dirac point are colored in black (red), resepectively. Numbers indicate the filling fractions associated with 
the main or satellite fan. d, 𝑅(( and 𝑅)) as a function of magnetic field 𝐵 at carrier density 𝑛 = 6.53 × 10S\𝑐𝑚^\. 
Dashed lines indicate the magnetic field at which the corresponding oscillation is theoretically expcted (see text).   
In order to suppress the quantum Hall oscilations and highlight the commensurability oscillations, the plotted curves  
are obtained by averaging the measured resistance over a small density window of (6.53 ± 0.23) × 10S\𝑐𝑚^\.[see 
Supplmentary Information S8]  
In summary, we have presented a full characterization of transport anisotropy in a graphene 1D 
superlattice system. Our devices host a multitude of band structure features including mini Dirac 
points and anisotropic flattened Dirac points, the latter of which is not found in 2D systems 
engineered with 2D SL studied so far. The 1D SL gate acts as a powerful tuning knob in the 
system that cyclically flattens and unflattens a given Dirac point. Under finite magnetic field, the 
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Landau level spectra are a mixture of main DP Landau levels, mini DP Landau levels, and 
Landau level dispersion in 𝑘) direction which gives rise to anisotropic commensurability 
oscillations. Our findings demonstrate a path to engineering transport asymmetry in a high 
mobility material, with full tunability of the anisotropy, and without the constraints of air 
sensitivity, such as has been encountered in the naturally corrugated phosphorene devices.35  
Patterning 2D systems beyond graphene using a periodic 1D SL36, 37 could open new 
opportunities by coupling anisotropic bandstructures to properties not inherent in graphene such 
as strong spin-orbit coupling and magnetic ordering. 
Method 
See Supplementary Information 
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